Aerosol–photolysis interaction reduces particulate matter during wintertime haze events by Wu, Jiarui et al.
	 1	
 1	
 2	
Supplementary Information for: 3	
 4	
Aerosol-photolysis interaction reduces particulate matter during 5	
wintertime haze events 6	
 7	
Jiarui Wu, Naifang Bei, Bo Hu, Suixin Liu, Yuan Wang, Zhenxing Shen, Xia Li, Lang Liu, 8	
Ruonan Wang, Zirui Liu, Junji Cao, Xuexi Tie, Luisa T. Molina, and Guohui Li 9	
 10	
Corresponding author: Guohui Li 11	
Email: ligh@ieecas.cn 12	
 13	
 14	
This PDF file includes: 15	
Supplementary text 16	
Figs. S1 to S24 17	
Tables S1 to S3 18	
SI References  19	
  20	
www.pnas.org/cgi/doi/10.1073/pnas.1916775117
	 2	
Supplementary Information Text 21	
SI-1 WRF-Chem model and configurations 22	
SI-1.1 WRF-Chem model 23	
The WRF-Chem model (Version 3.5) (1) with modifications by Li et al. (2-4) has been 24	
applied to quantitatively evaluate the PM2.5 contribution of the combination of ARI and API 25	
during a persistent heavy haze episode in the NCP. The model includes a new flexible gas 26	
phase chemical module and the CMAQ aerosol module developed by US EPA (5). For the 27	
aerosol simulations, the CMAQ/models-3 aerosol module (AERO5) has been incorporated 28	
into the model. In this aerosol component, the particle size distribution is represented as the 29	
superposition of three lognormal sub-distributions, called modes. The processes of 30	
coagulation, particles growth by the addition of mass, and new particle formation are 31	
included. The new particle production rate due to binary nucleation of H2SO4 and water 32	
vapor is parameterized following Kulmala et al. (6). The wet deposition is based on the 33	
method in the CMAQ module and the dry deposition of chemical species followed Wesely 34	
(7). The photolysis rates are calculated using the Fast Tropospheric Ultraviolet and Visible 35	
(FTUV) Radiation Model with the aerosol and cloud effects on photolysis (3, 8).  36	
ISORROPIA (version 1.7) is used to predict the thermodynamic equilibrium between 37	
the ammonia-sulfate-nitrate-chloride-water aerosols and their gas phase precursors of 38	
H2SO4-HNO3-NH3-HCl-water vapor (9). The organic aerosol (OA) module is based on the 39	
volatility basis-set (VBS) approach with aging; detailed information can be found in Li et al. 40	
(4). The primary OA (POA) components from traffic-related combustion and biomass 41	
burning emissions are represented by nine surrogate species with saturation concentrations 42	
(C*) ranging from 10-2 to 106 µg m-3 at room temperature (10), and assumed to be 43	
semi-volatile and photochemically reactive (11). The secondary OA (SOA) formation from 44	
each anthropogenic or biogenic precursor is calculated using four semi-volatile VOCs with 45	
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effective saturation concentrations of 1, 10, 100, and 1000 µg m-3 at 298 K. The SOA 46	
formation via the heterogeneous reaction of glyoxal and methylglyoxal is parameterized as a 47	
first-order irreversible uptake by aerosol particles and cloud droplets with an uptake 48	
coefficient of 3.7×10-3 (12-14). 49	
SI-1.2 Model configurations 50	
In the Base scenario simulation, the physical parameterizations include the microphysics 51	
scheme of Hong et al. (15), the Mellor, Yamada, and Janjić (MYJ) turbulent kinetic energy 52	
(TKE) planetary boundary layer scheme (16), the Unified Noah land-surface model (17), the 53	
Goddard longwave radiation scheme (18) and the Goddard shortwave parameterization (19). 54	
The NCEP 1° × 1° reanalysis data are used to obtain the meteorological initial and boundary 55	
conditions. The chemical initial and boundary conditions are interpolated from the 6h output 56	
of MOZART (20). The spin-up time of the WRF-Chem model is 4 days and 4 hours. The 57	
SAPRC-99 (Statewide Air Pollution Research Center, version 1999) chemical mechanism is 58	
used in the present study. The anthropogenic emissions are developed by Zhang et al. (21) 59	
and Li et al. (22), including contributions from agriculture, industry, power generation, 60	
residential, and transportation sources. The biogenic emissions are calculated online using the 61	
MEGAN (Model of Emissions of Gases and Aerosol from Nature) model developed by 62	
Guenther et al. (23). The Fire Inventory from NCAR (FINN) (24, 25) is taken for the biomass 63	
burning emissions in simulations. The model simulation domain is shown in Fig. S1a and 64	
detailed model configuration can be found in Table S1. 65	
SI-1.3 Aerosol radiative module 66	
In the present study, Goddard shortwave module developed by Chou and Suarez (18, 19) 67	
is employed to account for the ARI effect on particulate matter (PM) pollution and the FTUV 68	
module (3, 8) is used to consider the API effect. The aerosol radiative module developed by 69	
Li et al. (3) has been incorporated into the WRF-Chem model to calculate the aerosol optical 70	
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depth (AOD or 𝝉𝒂), single scattering albedo (SSA or 𝝎𝒂), and the asymmetry factor (𝒈𝒂).  71	
In the CMAQ aerosol module, aerosols are represented by a three-moment approach 72	
with a lognormal size distribution: 73	 𝒏(𝒍𝒏𝑫) 	= 	 𝑵𝟐𝝅𝒍𝒏𝝈𝒈 𝒆𝒙𝒑[− 𝟏𝟐 (𝒍𝒏𝑫6𝒍𝒏𝑫𝒈𝒍𝒏𝝈𝒈 )𝟐]                                   (1) 74	
Where D is the particle diameter, N is the number distribution of all particles in the 75	
distribution, 𝐷9  is the geometric mean diameter, and	𝜎9 is the geometric standard deviation. 76	
To calculate the aerosol optical properties, the aerosol spectrum is first divided into 48 bins 77	
from 0.002 to 10.0 µm, with radius 𝑟<. The aerosols are classified into four types: (1) 78	
internally mixed sulfate, nitrate, ammonium, hydrophilic organics and black carbon (BC), 79	
and water; (2) hydrophobic organics; (3) hydrophobic BC; and (4) other unidentified aerosols 80	
(generally dust-like aerosols). These four kinds of aerosols are assumed to be mixed 81	
externally. For the internally mixed aerosols, the complex refractive index at a certain 82	
wavelength (𝜆) is calculated based on the volume-weighted average of the individual 83	
refractive index. Given the particle size and complex refractive index, the extinction 84	
efficiency (𝑄?), 𝜔A and 𝑔A are calculated using the Mie theory at a certain wavelength (𝜆). 85	
The look-up tables of 𝑄? , 𝜔A  and 𝑔A  are established according to particle sizes and 86	
refractive indices to avoid multiple Mie scattering calculation. The aerosol optical parameters 87	
are interpolated linearly from the look-up tables with the calculated refractive index and 88	
particle size in the module. 89	
The 𝝉𝒂 at a certain 𝝀 in a given atmospheric layer 𝒌 is determined by the summation 90	
over all types of aerosols and all bins: 91	 𝝉𝒂(𝝀, 𝒌) = 𝑸𝒆𝟒𝒋I𝟏𝟒𝟖𝒊I𝟏 (𝝀, 𝒓𝒊, 𝒋, 𝒌)𝝅𝒓𝒊𝟐𝒏(𝒓𝒊, 𝒋, 𝒌)𝚫𝒁𝒌                        (2) 92	
where 𝒏 𝒓𝒊, 𝒋, 𝒌 	is the number concentration of 𝒋-th kind of aerosols in the 𝒊-th bin.	𝚫𝒁𝒌 is 93	
the depth of an atmospheric layer. The weighted-mean values of 𝝎𝒂 and 𝒈𝒂 are then 94	
calculated by using d’Almeida et al. (26): 95	
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 𝝎𝒂(𝝀, 𝒌) = 𝑸𝒆𝟒𝒋O𝟏𝟒𝟖𝒊O𝟏 (𝝀,𝒓𝒊,𝒋,𝒌)𝝅𝒓𝒊𝟐𝒏(𝒓𝒊,𝒋,𝒌)𝝎𝒂(𝒓𝒊,𝐣,𝐤)𝚫𝒁𝒌𝑸𝒆𝟒𝒋O𝟏𝟒𝟖𝒊O𝟏 (𝝀,𝒓𝒊,𝒋,𝒌)𝝅𝒓𝒊𝟐𝒏(𝒓𝒊,𝒋,𝒌)𝚫𝒁𝒌                             (3) 96	
 𝒈𝒂(𝝀, 𝒌) = 𝑸𝒆𝟒𝒋O𝟏𝟒𝟖𝒊O𝟏 (𝝀,𝒓𝒊,𝒋,𝒌)𝝅𝒓𝒊𝟐𝒏(𝒓𝒊,𝒋,𝒌)𝝎𝒂(𝒓𝒊,𝐣,𝐤)𝒈𝒂(𝛌,𝒓𝒊,𝐣,𝐤)𝚫𝒁𝒌𝑸𝒆𝟒𝒋O𝟏𝟒𝟖𝒊O𝟏 (𝝀,𝒓𝒊,𝒋,𝒌)𝝅𝒓𝒊𝟐𝒏(𝒓𝒊,𝒋,𝒌)𝝎𝒂(𝒓𝒊,𝐣,𝐤)𝚫𝒁𝒌                      (4) 97	
When the wavelength-dependent 𝝉𝒂, 𝝎𝒂, and 𝒈𝒂 are calculated, they can be used in the 98	
Goddard shortwave module to evaluate the ARI effect and the FTUV to evaluate the API 99	
effect. The aerosol refractive indices used for Mie scattering calculation are listed in Table S2. 100	
In the base case simulation of the Base scenario, the BC aging from the hydrophobic to the 101	
hydrophilic state occurs at a pseudo first order rate of 9.26 × 10-5 s-1 (27) during daytime and 102	
7.10 × 10-6 s-1 (28) during nighttime. As suggested by Moffet and Prather (27), the effective 103	
density is 0.7 g cm-3 for fresh BC and 1.8 g cm-3 for aged BC to consider the variation of the 104	
BC morphology. In order to take into account absorption of brown carbon (BrC) observed by 105	
Barnard et al. (29) in Megacities, the imaginary refractive index of POA measured by 106	
Kirchstetter et al. (30) is employed in the present study (Table S2). Detailed information can 107	
be found in Li et al. (3).  108	
SI-1.4 Aerosol-cloud interactions module  109	
A two-moment bulk microphysics scheme with aerosol effects developed by Li et al. (31) 110	
is utilized to account for aerosol-cloud interaction (ACI) in the simulation. The mass mixing 111	
ratio and number concentration of five hydrometeors are predicted in the bulk microphysics 112	
scheme, including cloud water, rain water, ice crystal, snow flake, and graupel. The Gamma 113	
function is used to represent the size distribution of the five hydrometeors. Detailed 114	
information is provided in Li et al. (31). 115	
The aerosol activation to cloud condensation nuclei (CCN) and ice nuclei (IN) is based 116	
on the CMAQ/models3 aerosol module (5). Aerosols are simulated in the CMAQ using a 117	
modal approach assuming that particles are represented by three superimposed log-normal 118	
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size distributions. The aerosol species, including sulfate, nitrate, ammonium, POA, SOA, BC, 119	
and other unidentified species (dust-like) are predicted in the module. 120	
For the CCN nucleation, the critical radius of dry aerosols is calculated from the 121	
k-Köhler theory developed by Petters and Kreidenweis (32-34) using water vapor 122	
supersaturation predicted by the model (35, 36). If the activated CCN radius is less than 0.03 123	
µm, the mass of water condensation on CCN is calculated under the equilibrium assumption; 124	
otherwise, the mass of water condensing on CCN is calculated by 𝒎𝒘 = 𝑲𝟒𝟑𝝅𝒓𝒂𝟑𝝆𝒘 at zero 125	
supersaturation, where 3 < K < 8 (37). Additionally, a novel, flexible approach, proposed by 126	
Philips et al. (38, 39) is used to parameterize the ice heterogeneous nucleation within clouds. 127	
The method has empirically derived dependencies on the chemistry and surface area of 128	
multiple species of IN aerosols, mainly including dust, black and organic carbon aerosols. 129	
Three kinds of ice nucleation mechanisms are considered in the method, including contact, 130	
immersion, and condensation freezing. Detailed information can be found in Zhou et al. (40). 131	
 132	
SI-2 Data and methodology 133	
SI-2.1 Data description 134	
 The model performance is validated using the available measurements in the NCP, 135	
including AOD, SSA, cloud fraction (CF), cloud optical thickness (COT), planetary boundary 136	
layer height (PBLH), downward shortwave flux (SWDOWN), ultraviolet (UV) radiation 137	
reaching the surface (UVDOWN), aerosol species, and air pollutants. The daily AOD, CF, 138	
and COT are retrieved from Terra- and Aqua- Moderate Resolution Imaging 139	
Spectroradiometer (MODIS) level 2 products. The hourly SSA at 520nm is calculated using 140	
the measurement of the turbidity meter at the National Center for Nanoscience and 141	
Technology (NCNST), Chinese Academy of Sciences (116.33°E, 39.99°N) in Beijing (Fig. 142	
S1b). The daily PBLH at 12:00 Beijing time (BJT) is diagnosed from the radiosonde 143	
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observation at a meteorological site (116.47°E, 39.81°N) in Beijing. The hourly 144	
measurements of O3, NO2, SO2, CO and PM2.5 concentrations have been released by the 145	
Ministry of Ecology and Environment of China since 2013. The hourly submicron sulfate, 146	
nitrate, ammonium, and organic aerosols are measured by the Aerodyne Aerosol Chemical 147	
Speciation Monitor (ACSM) at NCNST. The POA and SOA concentrations are obtained 148	
from the ACSM measurements analyzed using the Positive Matrix Factorization (PMF) 149	
method. The SWDOWN and UVDOWN are measured by CM-11 pyranometers at five sites 150	
from Chinese Ecosystem Research Network (CERN) in the NCP, including Beijing, 151	
Luancheng, Yucheng, Jiaozhouwan, and Fengqiu (Fig. S1b) (41).  152	
The hourly measurements of organic carbon (OC), elemental carbon (EC), sulfate, 153	
nitrate, and ammonium aerosols during the wintertime from 2013 to 2015 in Beijing have 154	
also been analyzed in this study. The hourly OC and EC concentrations are measured using a 155	
thermal/optical reflectance carbon analyzer (OCEC RT-4, Sunset Lab, USA) at Chinese 156	
Research Academy of Environmental Sciences (CRAES, 40.04°N, 116.40°E) in Beijing (42, 157	
43). Hourly sulfate, nitrate, ammonium, and other inorganic ions are sampled and analyzed 158	
by ion chromatography (URG 9000S, Thermo Fisher Scientific, USA) at CRAES (44).  159	
SI-2.2 Statistical metrics for observation-model comparisons 160	
In the present study, the mean bias (MB), root mean square error (RMSE), the index of 161	
agreement (IOA), and correlation efficient (R) are used as indicators to evaluate the 162	
performance of WRF-Chem model in simulations against measurements. IOA describes the 163	
relative difference between the model and observation, ranging from 0 to 1, with 1 indicating 164	
perfect agreement. 165	 𝑴𝑩 = 𝟏𝑵 𝑷𝒊 − 𝑶𝒊𝑵𝒊I𝟏                                                  (5) 166	
𝑹𝑴𝑺𝑬 = 𝟏𝑵 𝑷𝒊 − 𝑶𝒊 𝟐𝑵𝒊I𝟏 𝟏𝟐                                            (6) 167	
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𝑰𝑶𝑨 = 𝟏 − 𝑷𝒊6𝑶𝒊 𝟐𝑵𝒊O𝟏𝑷𝒊6𝑶 a 𝑶𝒊6𝑶 𝟐𝑵𝒊O𝟏                                             (7) 168	
 			𝑹 = 𝑷𝒊6𝑷 × 𝑶𝒊6𝑶𝑵𝒊O𝟏𝑷𝒊6𝑷 𝟐𝑵𝒊O𝟏 × 𝑶𝒊6𝑶 𝟐𝑵𝒊O𝟏                                             (8) 169	
Where 𝑷𝒊 and 𝑶𝒊 are the predicted and observed pollutant concentrations, respectively. N is 170	
the total number of the predictions used for comparisons, and 𝑷 and 𝑶 represents the 171	
average of the prediction and observation, respectively. 172	
 173	
SI-3 Model performance 174	
SI-3.1 Air pollutants simulations in the NCP 175	
 Fig. S2 shows the temporal profiles of observed and calculated near-surface PM2.5, O3, 176	
NO2, SO2 and CO concentrations averaged over monitoring sites in the NCP from 05 177	
December 2015 to 04 January 2016. The model generally tracks well the diurnal variation of 178	
near-surface PM2.5 concentrations ([PM2.5]) in the NCP, with an IOA of 0.94, but slightly 179	
overestimates [PM2.5], with a MB of 8.3 µg m-3. The model successfully reproduces the 180	
temporal variations of near-surface O3 concentrations compared to observations in the NCP, 181	
e.g., peak O3 concentrations in the afternoon due to active photochemistry and low O3 182	
concentrations during nighttime caused by the NOx titration, with an IOA of 0.94. However, 183	
the model generally underestimates the O3 concentration during nighttime, with a MB of -3.6 184	
µg m-3. The model also reasonably well yields the NO2 diurnal profiles with peaks in the 185	
evening, with an IOA of 0.86 and a MB of 1.6 µg m-3, but sometimes there are considerable 186	
overestimations and underestimations. The model generally performs reasonably well in 187	
predicting the temporal variation of SO2 concentrations against measurements, with an IOA 188	
of 0.74. However, considering that SO2 is mainly emitted from point sources and its 189	
simulations are more sensitive to the wind field uncertainties (45), the overestimation and 190	
underestimation for the SO2 simulation are rather large, with the RMSE of 13.3 µg m-3. 191	
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Compared with measurements, the temporal profile of the near-surface CO concentration in 192	
the NCP is well simulated, with the IOA and MB of 0.87 and 0.1 µg m-3, respectively.  193	
SI-3.2 Spatial simulations of air pollutants in the NCP 194	
 Fig. S3 presents the spatial pattern of calculated and observed average near-surface 195	
concentrations of PM2.5, O3, NO2, and SO2 along with simulated winds from 05 December 196	
2015 to 04 January 2016 in Eastern China. In general, the simulated air pollutants 197	
distributions are in good agreement with the measurements, but model biases still exist. The 198	
simulated winds are weak or calm during the simulation period, facilitating accumulation of 199	
air pollutants and causing the serious air pollution in Eastern China. The NCP is the most 200	
polluted region in Eastern China due to its massive air pollutants emissions, with the average 201	
near-surface [PM2.5] generally exceeding 115 µg m-3. The highest average near-surface 202	
[PM2.5] of more than 150 µg m-3 are observed in Beijing, Hebei, Henan, Shandong, and the 203	
Guanzhong basin, which are well reproduced by the model. The simulated O3 concentrations 204	
are rather low in the NCP, ranging from 5 to 40 µg m-3, consistent with measurements. The 205	
low O3 concentration during wintertime haze episodes in the NCP is primarily caused by the 206	
weak insolation further attenuated by clouds and aerosols, the titration of high NOx emissions, 207	
and lack of the O3 transport from outside (46). Although significant effort has been made to 208	
mitigate air pollutants emissions in the NCP, the observed and simulated average NO2 and 209	
SO2 concentrations are still high, varying from 30 to 100 µg m-3 and 20 to 100 µg m-3, 210	
respectively. Interestingly, the simulated high SO2 concentrations are mainly concentrated in 211	
cities and their surrounding areas, but the uniform distribution of NO2 concentrations is 212	
predicted in the NCP, showing the substantial contribution of area sources.  213	
SI-3.3 Aerosol species simulations in Beijing  214	
 Fig. S4 provides the temporal variations of simulated and observed aerosol species at 215	
NCNST in Beijing from 05 December 2015 to 04 January 2016. Generally, the WRF-Chem 216	
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model predicts reasonably the temporal variations of the aerosol species against the 217	
measurements. The WRF-Chem model yields the main peaks of the POA concentration 218	
compared to observations in Beijing, but frequently underestimates or overestimates the POA 219	
concentration, with an IOA of 0.80 and a RMSE of 17.4 µg m-3. The POA level in Beijing is 220	
influenced by local emissions and to a large extent trans-boundary transport from outside 221	
during haze days, so its simulation is sensitive to uncertainties from emissions and 222	
meteorological fields (47, 48). The model still has difficulties in simulating the SOA 223	
concentrations, although the VBS modeling method is used and contributions from glyoxal 224	
and methylglyoxal are included in the study, with the IOA and MB of 0.77 and -10.6 µg m-3, 225	
respectively. Except the SOA formation and transformation mechanism in the atmosphere, 226	
which remains elusive, many factors have potentials to influence the SOA simulation, such as 227	
meteorology, measurements, precursors emissions, and SOA treatments (4). The model 228	
tracks reasonably the temporal variation of the observed sulfate concentrations, and the MB 229	
and IOA are 0.6 µg m-3 and 0.90, respectively. Aside from SO2 emissions and simulated 230	
meteorological fields, the SO2 oxidation mechanism in the atmosphere also plays an 231	
important role in the sulfate simulation. In addition to direct emissions and SO2 gas-phase 232	
oxidations by hydroxyl radicals (OH) and stabilized criegee intermediates (sCI), the SO2 233	
oxidation in aerosol water by O2 catalyzed by Fe3+ is considered (49). Recent studies have 234	
proposed that the aqueous oxidation of SO2 by NO2 under the condition of high relative 235	
humidity (RH) and NH3 neutralization could interpret the efficient sulfate formation during 236	
wintertime haze events (50, 51). However, the mechanism is still not included in this study, 237	
which might further improve the sulfate simulation. The model performs well in simulating 238	
the nitrate and ammonium concentrations against observations in Beijing, with IOAs of 0.90 239	
and 0.91, respectively. Fig. S5 further provides the temporal variation of the simulated and 240	
observed BC concentrations at CRAES in Beijing from 05 December 2015 to 04 January 241	
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2016. Generally, the model simulates reasonably the temporal variation of BC concentrations 242	
compared to measurements in Beijing, but there also exists considerable underestimation or 243	
overestimation, with the IOA and MB of 0.78 and 0.2 µg m-3. As a primary species, the BC 244	
concentration in Beijing depends on the contribution of local emissions and trans-boundary 245	
transport. Therefore, biases of the BC simulation might be caused mainly by uncertainties in 246	
emissions and the simulated wind fields.  247	
SI-3.4 Aerosol radiative properties simulations in the NCP 248	
 Aerosol radiative forcing mainly depends on AOD, SSA, and asymmetry parameter. The 249	
model validations of AOD and SSA are provided in this study to further evaluate the aerosol 250	
radiative effect on the air pollution. The daily AOD at 550 nm, retrieved from Terra- and 251	
Aqua- MODIS level 2 products, is compared with the simulation. Fig. S6a shows the scatter 252	
plot of the daily retrieved and simulated AOD averaged in the NCP from 05 December 2015 253	
to 04 January 2016. The simulated daily average AOD correlates well with the observation, 254	
with a correlation coefficient of 0.86. Generally, the retrieved and simulated AOD increases 255	
with deterioration of the haze pollution, but the model considerably underestimates the AOD 256	
against the observation. Fig. S6b presents the Taylor diagram (52) to show the variance, bias 257	
and correlation of the simulated and retrieved AOD from 05 December 2015 to 04 January 258	
2016. There exists a good relationship between the simulated and retrieved daily AOD during 259	
the study episode, with correlation coefficients generally ranging from 0.5 to 0.9, and 260	
standard deviation mostly varying from 0.25 to 1.0. Fig. S7 shows the pattern comparison of 261	
the retrieved and simulated AOD averaged during the simulation period. The model 262	
reasonably reproduces the AOD distribution compared to the observations in the NCP, but 263	
considerably underestimates the AOD. The simulated and retrieved AOD averaged in the 264	
NCP during the simulation period is 0.43 and 0.59, respectively. It is worth noting that the 265	
simulated AOD is not only dependent on the column aerosol content and constituent, but also 266	
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significantly influenced by RH controlling the aerosol hydroscopic growth. Additionally, the 267	
satellite retrieved AOD is subject to contamination by existence of clouds, and considering 268	
the high occurrence frequency of clouds during haze days, the retrieved AOD is generally 269	
higher than the simulation (53-55). 270	
Aerosols are the mixture of absorbing and scattering constituents in the atmosphere. 271	
Their radiative effect of cooling or warming the atmosphere relies on many parameters, and 272	
SSA is one of the most important parameters (56). Fig. S8 depicts the comparison of the 273	
measured and simulated diurnal profiles of SSA at 520nm at NCNST in Beijing during the 274	
episodes. The model performs reasonably in simulating the daily variation of SSA in Beijing, 275	
with an IOA of 0.69 and a MB of 0.0, but the overestimation or underestimation is rather 276	
large. SSA is the ratio of aerosol scattering to extinction, which is highly sensitive to the 277	
relative distribution of scattering and absorbing aerosol constituents in the atmosphere, and 278	
the RH determining the hygroscopic growth of aerosols. Therefore, the uncertainties of the 279	
simulated SSA probably originate from the model biases of aerosol constituents and the RH. 280	
SI-3.5 Cloud properties 281	
Clouds are one of the most important factors affecting the solar radiation reaching the 282	
ground. Fig. S9 presents the scatter plot of the daily retrieved and simulated CF and COT 283	
averaged in the NCP from 05 December 2015 to 31 December 2015. Generally, the simulated 284	
daily average CF correlates well with that retrieved, with a correlation coefficient of 0.64 285	
(Fig. S9a). The correlation between the simulated and retrieved COT is not as good as that of 286	
the CF, with a coefficient of 0.52 (Fig. S9b). The model generally underestimates the CF and 287	
COT compared with those retrieved from the MODIS measurements, causing the model 288	
overestimation of SWDOWN and UVDOWN. The simulated average CF and COT over the 289	
NCP during the episode are 47.8% and 11.9, lower than the MODIS retrieved 78.4% and 290	
15.0, respectively. Numerical models still have difficulties in representing accurately clouds 291	
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in terms of microphysical processes, cloud morphologies, occurrence and dissipation. In 292	
addition, many uncertainties also significantly impact CF and COT retrievals, such as the 293	
satellite’s view zenith angle, cloud microphysics assumptions, namely cloud phase, particle 294	
size and shape, et al. (57-60). Therefore, it is still difficult to validate cloud simulations using 295	
the satellite cloud products.  296	
SI-3.6 Downward solar radiation simulations in North China Plain 297	
 Fig. S10 presents the daily profiles of simulated and observed SWDOWN at the ground 298	
surface in Beijing, Jiaozhouwan, Luancheng, and Yuancheng from 05 December 2015 to 04 299	
January 2016. The WRF-Chem model simulates well the daily variation of SWDOWN, 300	
especially in Jiaozhouwan, Luancheng, and Yucheng, with IOAs around 0.90. The model is 301	
subject to overestimating the SWDOWN against measurements, with MBs ranging from 6.3 302	
to 86.2 W m-2. The SWDOWN reaching the ground surface is very sensitive to the cloud 303	
cover and optical thickness. However, the WRF-Chem model still has difficulties in 304	
accurately predicting the CF and COT, which might constitute one of the most important 305	
reasons for model biases of the SWDOWN (please reference SI-3.5). In addition, the 306	
horizontal resolution used in simulations cannot adequately resolve the cumulus clouds, also 307	
causing uncertainties in the simulations of the SWDOWN. 308	
SI-3.7 PBLH simulations in Beijing  309	
 Fig. S11 shows the temporal variations of the observed and simulated PBLH at a 310	
meteorological site in Beijing from 05 December 2015 to 04 January 2016. The average 311	
PBLH at 12:00 Beijing Time (BJT) during the episode at the meteorological site is 465.2 m, 312	
with the minimum of 101.8 m and the maximum of 1017.9 m, showing decreased PBLH 313	
during the haze episode. In general, the WRF-Chem model tracks reasonably the daily 314	
variation of the PBLH in Beijing, with an IOA of 0.70. However, the model has difficulties in 315	
reproducing the observed very low PBLH, e.g., less than 200 m. The PBLH varies 316	
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substantially with time due to many factors including large-scale dynamics, cloudiness, 317	
convective mixing, and the diurnal cycle of solar radiation (61). Therefore, the simulation 318	
uncertainties of meteorological conditions constitute the main reason for the simulation bias 319	
of PBLH. For example, the overestimation of SWDOWN at 12:00 BJT (Figure 10a) probably 320	
causes the overestimation of PBLH in Beijing.  321	
In general, the simulated variations of SWDOWN, PBLH, aerosol radiative properties, 322	
cloud properties, air pollutants (PM2.5, O3, NO2, SO2, CO) and aerosol species are in good 323	
agreement with observations, indicating that the simulations of meteorological conditions, 324	
chemical processes and the emission inventory used in the WRF-Chem model are reasonable, 325	
providing a reliable basis for the further investigation. 326	
 327	
SI-4 Relationship of UVDOWN and O3 with PM2.5 328	
Fig. S15a shows the scatter plot of the observed UVDOWN and near-surface [PM2.5] in 329	
Beijing, Fengqiu, Jiaozhouwan, Luancheng, and Yucheng at noon (11:00-13:00 LT) under 330	
sunny weather conditions from 05 December 2015 to 04 January 2016. Excluding the effect 331	
of clouds on the UVDOWN, the decrease of the UVDOWN with near-surface [PM2.5] is 332	
evident, especially when near-surface [PM2.5] are less than 300 µg m-3. With near-surface 333	
[PM2.5] increasing from several to 300 µg m-3, the UVDOWN rapidly decreases from 20 to 5 334	
W m-2, indicating that increasing aerosols in the atmosphere efficiently decrease the 335	
UVDOWN. The fitted trend line between the UVDOWN and near-surface [PM2.5] also shows 336	
a significant decrease of the UVDOWN with increasing [PM2.5]. It is worth noting that 337	
near-surface [PM2.5] might not well represent the aerosol content in the whole vertical 338	
atmospheric layer and the aerosol optical properties also vary day by day, so there exists a 339	
large dispersion of the UVDOWN against the fitted line. Decreasing UVDOWN caused by 340	
the atmospheric aerosols reduces photolysis rates and hinders the near-surface O3 formation, 341	
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as shown in Fig. S15b. The large dispersion of observed near-surface O3 concentrations 342	
against the fitted trend line might be caused by variations of background O3, volatile organic 343	
compounds and NOx levels at the four observation sites.  344	
 345	
SI-5 Model uncertainties 346	
In the Base scenario, ARI contribute additional 7.8% of near-surface PM2.5, but API 347	
suppress secondary aerosol formation and decrease near-surface PM2.5 by 4.2%. The 348	
combination of ARI and API causes only a 4.8% net increase of PM2.5 or API reduce 38.5% 349	
of PM2.5 enhancement due to ARI. Although the good performance of the WRF-Chem model 350	
in simulating the heavy haze episode provides a reliable basis for evaluation of the ARI, API, 351	
and their synergy effect on PM pollution, many uncertainties in model simulations have large 352	
potentials to impact the evaluation result, i.e. the API weakening effect on PM2.5 353	
enhancement due to ARI, including those in meteorological conditions, emissions, potential 354	
missing chemical mechanisms, particle interactions with solar radiation (such as the BC 355	
morphology, the brown carbon (BrC) absorption, aerosol mixing state assumption), and 356	
aerosol-cloud interaction. Therefore, we have conducted additional 11 sensitivity scenarios to 357	
quantify model uncertainties to warrant convincing evaluation results. 358	
SI-5.1 Impacts of meteorological conditions 359	
Meteorological conditions play a key role in the formation of PM pollution, determining 360	
dispersion or accumulation of air pollutants (45). In order to quantify impacts of 361	
meteorological conditions on the contribution of API and ARI to near-surface [PM2.5], two 362	
sensitivity scenarios, Met-2016 and Met-2017, have been conducted with meteorological 363	
conditions in December of 2016 and 2017, respectively, based on the 2015 emission 364	
inventory. The model configuration in Met-2016 and Met-2017 is the same as that of the 365	
Base scenario. In the Met-2016 scenario, the average contribution of API, ARI, and both ARI 366	
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and API to near-surface [PM2.5] is -3.6%, 7.4%, and 5.2% during the simulation period in the 367	
NCP, respectively, with an API weakening effect of 29.8%, which is lower than that of the 368	
Base scenario (Table S3). In the Met-2017 scenario, the average contribution of API, ARI, 369	
and both ARI and API to near-surface [PM2.5] is -2.8%, 4.6%, and 2.7%, respectively, with 370	
an API weakening effect of 41.3%, which is higher than that in the Base scenario. 371	
SI-5.2 Impacts of anthropogenic emissions 372	
The Chinese government has made great efforts to reduce emissions of air pollutants by 373	
implementing strict mitigation measures since 2013, and except non-methane volatile organic 374	
compounds (NMVOCs) and NH3, the anthropogenic emissions of SO2, NOx, CO, and PM2.5 375	
have decreased considerably from 2013 to 2017 (62, 63). Two sensitivity scenarios, 376	
Emiss-Inc and Emiss-Dec, have been performed with the anthropogenic emissions increased 377	
and decreased by 25%, respectively, to evaluate impacts of emissions on the contribution of 378	
API and ARI to near-surface [PM2.5]. In the Emiss-Dec scenario, when the anthropogenic 379	
emissions are decreased by 25%, the average near-surface PM2.5 contribution caused by API, 380	
ARI, and both ARI and API are -3.1%, 7.7%, and 4.8%, respectively, with an API weakening 381	
effect of 37.6% (Table S3). With the anthropogenic emissions increased by 25% in the 382	
Emiss-Inc scenario, the average near-surface PM2.5 contribution caused by API, ARI, and 383	
both ARI and API are -4.6%, 9.3%, and 4.6%, respectively, with an API weakening effect of 384	
50.5%.  385	
SI-5.3 Impacts of potential missing chemical assumption 386	
The WRF-Chem model simulates well the temporal variations of sulfate, nitrate, and 387	
ammonium concentrations, but it substantially underestimates the SOA concentration against 388	
the measurement in Beijing, with a MB of -10.6 µg m-3 (Fig. S4). Therefore, a sensitivity 389	
scenario, SOA-Fast, is devised to consider impacts of the potential missing chemical 390	
mechanism of the SOA formation on the API weakening effect. Huang et al. (64) have shown 391	
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that low temperature does not substantially decrease SOA formation rates of biomass burning 392	
emissions chemistry with the formation rate constant via OH radical of (2.5-6.7) ×10-11 cm3 393	
molecule-1 s-1. In the Base scenario, the aging rate constant via OH radical of primary organic 394	
gases (POGs) and intermediate volatile organic compounds (IVOCs) from traffic-related 395	
combustion and biomass burning emissions is set to be 2.0×10-11 cm3 molecule-1 s-1 (4). 396	
Therefore, in the SOA-Fast scenario, the rate constant of POGs and IVOCs with OH radical 397	
is set to be 6.7 ×10-11 cm3 molecule-1 s-1 to quantify the impact of uncertainties from the 398	
potential missing chemical mechanism on the API weakening effect. The simulated SOA in 399	
the base case of the SOA-Fast scenario is increased by 50% compared to those in the base 400	
case of the Base scenario on average in the NCP during the episode. In the SOA-Fast 401	
scenario, the average contribution of API, ARI, and both ARI and API to near-surface [PM2.5] 402	
is -4.9%, 8.4%, and 4.5%, respectively, with an API weakening effect of 46.4%, showing that 403	
the API weakening effect is enhanced when the SOA simulation is improved (Table S3). 404	
SI-5.4 Impacts of BC morphology 405	
BC aerosols exert a great impact on air quality and climate change because of its high 406	
absorption. The radiative properties of BC aerosols depend largely on its morphology during 407	
the aging process. The aging process of BC aerosols results in a dramatic change in 408	
morphology (65). BC aging includes the initial transformation from a fractal to sphere 409	
morphology with little variation of absorption and subsequent growth of fully compact 410	
particles with an obvious enhancement of absorption (66). In the Base scenario, the aging 411	
process and the variation of particle morphology are both considered in the WRF-Chem 412	
model (SI-1.3). We have further performed a sensitivity scenario (referred to as 413	
BC-No-Morph) to assess impacts of variation of BC morphology on the API weakening 414	
effect, in which BC aerosols are assumed not to undergo morphology variation, with a 415	
constant effective density of 1.8 g cm-3. In the BC-No-Morph scenario, the average 416	
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contribution of API, ARI, and both ARI and API to near-surface [PM2.5] is -3.4%, 8.1%, and 417	
5.5%, respectively, with an API weakening effect of 32.1%, indicating that the BC 418	
morphology variation appreciably affects the API weakening effect (Table S3). 419	
SI-5.5 Impacts of aerosol mixing states 420	
The radiative properties of aerosols depend largely on the mixing state, and the mixing 421	
state of aerosols in the atmosphere varies between the completely internal and external 422	
mixing. In the Base scenario, we categorize aerosols into four types: (1) internally mixed 423	
sulfate, nitrate, ammonium, hydrophilic organics and black carbon, and water; (2) 424	
hydrophobic organics; (3) hydrophobic black carbon; and (4) other unidentified aerosols 425	
(dust-like). These four kinds of aerosols are assumed to be mixed externally. In order to 426	
quantify impacts of aerosol mixing states on the API weakening effect, two sensitivity 427	
scenarios, Aero-Ext-Mix and Aero-Int-Mix, have been performed, with the assumption that 428	
aerosols are completely externally and internally mixed, respectively. In the Aero-Int-Mix 429	
scenario, the average contribution of API, ARI, and both ARI and API to near-surface [PM2.5] 430	
is -4.7%, 7.1%, and 3.4%, respectively, with an API weakening effect of 52.1%, showing that 431	
the API weakening effect is enhanced when the aerosol absorption is increased caused by 432	
completely internal mixing aerosols (Table S3). However, when the aerosols are assumed to 433	
be completely externally mixed in the Aero-Ext-Mix scenario, the API weakening effect is 434	
substantially decreased, about 13.6% due to decreased aerosol absorption.  435	
SI-5.6 Impacts of BrC absorption 436	
As a kind of OA, BrC mainly have a higher absorption at shorter wavelengths, which is 437	
different from BC aerosols with a relatively flat absorption spectrum (67). There are still 438	
large uncertainties in the absorption properties of BrC aerosols (68, 69). Therefore, two 439	
sensitivity scenarios, BrC-Abs-High and BrC-Abs-Low, are performed to consider impacts of 440	
BrC absorption on the API weakening effect, in which the imaginary indices of OA are 441	
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increased and decreased by 50%, respectively. In the BrC-Abs-High scenario with the higher 442	
BrC absorption，the average contribution of API, ARI, and both ARI and API to near-surface 443	
[PM2.5] is -4.5%, 7.3%, and 4.3%, respectively, with an API weakening effect of 41.1%, 444	
while in the BrC-Abs-Low scenario with the lower BrC absorption, the contribution of API, 445	
ARI, and both ARI and API is -4.5%, 7.7%, and 4.8%, respectively, with an API weakening 446	
effect of 37.7% (Table S3). 447	
SI-5.7 Impacts of aerosol-cloud interaction 448	
In the Base scenario, the one-moment bulk microphysics scheme of Hong et al. (15) is 449	
used, without consideration of aerosol effects on cloud development. However, aerosol-cloud 450	
interaction (ACI) have large potentials to alter the API weakening effect, through perturbing 451	
the dynamic fields, aerosol activation to CCN and IN, and changing the precipitation 452	
distribution and further washout of aerosols. In order to evaluate impacts of ACI on the API 453	
weakening effect, we have further performed a sensitivity scenario (referred to as ACI-2M), 454	
in which a two-moment bulk microphysics scheme with aerosol effects on clouds (31, 40) is 455	
used. When considering ACI in the ACI-2M scenario, the average contribution of API, ARI, 456	
and both ARI and API to near-surface [PM2.5] is -3.3%, 6.5%, and 3.9%, respectively, with 457	
an API weakening effect of 40.0%, which is close to that of the Base scenario. 458	
SI-5.8 API effect on surface temperature and the temperature-dependent chemistry 459	
Temperature is a key meteorological parameter affecting the atmospheric physical and 460	
chemical process. The API effect decreases the aerosol concentration through reducing 461	
photolysis rates to suppress secondary aerosol formation, further affecting the air temperature 462	
and the temperature-dependent chemistry. Fig. S20 presents the vertical profile of the average 463	
temperature perturbation caused by the API effect in the NCP from 05 December 2015 to 04 464	
January 2016. On average, the API effect increases the temperature by 0.01℃ to 0.03℃ in 465	
the PBL and decreases the temperature by around 0.005℃ to 0.02℃ above the PBL. In order 466	
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to evaluate impacts of the temperature perturbation caused by the API effect, a sensitivity 467	
experiment based on the base case of the Base scenario has been conducted, in which the 468	
calculation of chemical reaction rate constant depending on temperature includes the 469	
temperature perturbation caused by the API effect. The temperature perturbation due to the 470	
API effect decreases near-surface [PM2.5] by 0.3 µg m-3 or 0.2% on average in the NCP 471	
during the study episode, showing that the temperature perturbation induced by the API 472	
effect does not substantially influence the temperature-dependent chemistry.  473	
SI-5.9 Cloud variations due to the ARI and API effect 474	
The ARI and API effect not only alter the aerosol concentration and distribution in the 475	
PBL, also perturb the temperature and wind field, which could influence clouds and radiation, 476	
further modifying photolysis. Fig. S21 presents the daily variation of the average daytime 477	
COT and CF caused by the API and API effect in the NCP from 05 December 2015 to 04 478	
January 2016. The API effect generally increases the COT and CF during the episode slightly, 479	
with an average enhancement of 0.09 and 0.12%, respectively. Therefore, the API effect is 480	
decreased slightly by enhancement of the COT and CF caused by itself, The ARI effect 481	
increases the average COT by 0.073 and decreases the average CF by 0.73%. 482	
 483	
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Table S1. WRF-Chem model configurations 671	
 672	
Regions East Asia 
Study period December 05, 2015 - January 04, 2016 
Domain size 400 × 400 
Domain center 35°N, 114°E 
Horizontal resolution 12km × 12km 
Vertical resolution 
35 vertical levels with a stretched vertical grid with spacing 
ranging from 30 m near the surface, to 500 m at 2.5 km and 1 
km above 14 km 
Microphysics scheme WSM 6-class graupel scheme (15) 
Boundary layer scheme MYJ TKE scheme (16)  
Surface layer scheme MYJ surface scheme (16) 
Land-surface scheme Unified Noah land-surface model (17) 
Longwave radiation scheme Goddard longwave scheme (18) 
Shortwave radiation scheme Goddard shortwave scheme (19) 
Meteorological boundary and initial 
conditions NCEP 1°×1° reanalysis data 
Chemical initial and boundary 
conditions MOZART 6-hour output (20) 
Anthropogenic emission inventory Developed by Zhang et al.(21) and Li et al. (22), 2012 base year, and SAPRC-99 chemical mechanism 
Biogenic emission inventory MEGAN model developed by Guenther et al. (23) 
Biomass burning emission inventory Fire Inventory from NCAR (FINN) (24, 25) 
Model spin-up time 4 days and 4 hours (Simulations starting time: 12:00 UTC on November 30, 2015) 
 673	
 674	
 675	
 676	
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Table S2. Aerosol optical constants used in the calculation of aerosol optical properties. 678	
 679	
Aerosols Refractive Index (𝜆=380nm) Refractive Index (𝜆=550nm) 
Black carbon 1.75-0.75i 1.75-0.72i 
Primary organic aerosol 1.55-0.14i 1.55-0.03i 
Secondary organic aerosol 1.55-2.0×10-3i 1.55-2.0×10-3i 
Sulfate 1.44-1.0×10-8i 1.43-1.0×10-8i 
Nitrate 1.44-1.0×10-8i 1.43-1.0×10-8i 
Ammonium 1.44-1.0×10-8i 1.43-1.0×10-8i 
Water 1.35-2.0×10-9i 1.34-2.5×10-9i 
Dust 1.53-1.4×10-2i 1.53-5.5×10-3i 
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Table S3. Model uncertainties on the API weakening effect 685	
 686	
Scenario API (%) ARI (%) API+ARI (%) API Weakening effect (%) 
Base1 -4.2 7.8 4.8 38.5 
Met-20162 -3.6 7.4 5.2 29.8 
Met-20173 -2.8 4.6 2.7 41.3 
Emiss-Dec4 -3.1 7.7 4.8 37.6 
Emiss-Inc5 -4.6 9.3 4.6 50.5 
SOA-Fast6 -4.9 8.4 4.5 46.4 
BC-No-Morph7 -3.4 8.1 5.5 32.1 
Aero-Int-Mix8 -4.7 7.1 3.4 52.1 
Aero-Ext-Mix9 -1.7 11.0 9.5 13.6 
BrC-Abs-High10 -4.5 7.3 4.3 41.1 
BrC-Abs-Low11 -4.4 7.7 4.8 37.7 
ACI-2M12 -3.3 6.5 3.9 40.0 
1Base scenario includes the base simulation with both ARI and API and additional three sensitivity 687	
simulations without API, ARI, and both ARI and API. All the sensitivity scenarios are based on the Base 688	
scenario. 689	
2Meteorological conditions in December of 2016 is used. 690	
3Meteorological conditions in December of 2017 is used. 691	
4Anthropogenic emissions are decreased by 25%. 692	
5Anthropogenic emissions are increased by 25%. 693	
6The reaction rate constant of POGs and IVOCs with OH radical is set to be 6.7 ×10-11 cm3 molecule-1 s-1. 694	
7BC is assumed not to undergo morphology variation, with a constant effective density of 1.8 g cm-3. 695	
8Aerosols are assumed to be completely internally mixed. 696	
9Aerosols are assumed to be completely externally mixed. 697	
10The imaginary indices of OA are increased by 50%. 698	
11The imaginary indices of OA are decreased by 50%. 699	
12A two-moment bulk microphysics scheme with aerosol effects on clouds is used. 700	
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 706	
 707	
Fig. S1. (a) WRF-Chem simulation domain with topography and (b) North China Plain. In (a), 708	
the blue circles represent centers of cities with ambient monitoring sites and the size of blue 709	
circles denotes the number of ambient monitoring sites of cities. In (b), the red numbers 710	
denote the CERN sites with the solar radiation measurement. 1: Beijing; 2: Jiaozhouwan; 3: 711	
Luancheng; 4: Yucheng; 5: Fengqiu. The blue and red filled circles indicate the NCNST and 712	
CRAES site in Beijing, respectively, and the red filled rectangle denotes the meteorological 713	
site. 714	
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 720	
 721	
Fig. S2. Comparison of observed (black dots) and simulated (solid red lines) diurnal profiles 722	
of near-surface hourly mass concentrations of (a) PM2.5, (b) O3, (c) NO2, (d) SO2, and (d) CO 723	
averaged at monitoring sites in the NCP from 05 December 2015 to 04 January 2016. 724	
 725	
 726	
  727	
	 31	
 728	
 729	
Fig. S3. Pattern comparisons of simulated (color counters) vs. observed (colored circles) 730	
near-surface mass concentrations of (a) PM2.5, (b) O3, (c) NO2, and (d) SO2 averaged from 05 731	
December 2015 to 04 January 2016. The black arrows indicate simulated surface winds. 732	
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 738	
 739	
Fig. S4. Comparison of measured (black dots) and simulated (black line) diurnal profiles of 740	
submicron aerosol species of (a) POA, (b) SOA, (c) sulfate, (d) nitrate, and (e) ammonium at 741	
NCNST site in Beijing from 05 December 2015 to 04 January 2016. 742	
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 746	
 747	
Fig. S5. Comparison of measured (black dots) and simulated (red line) diurnal profiles of BC 748	
concentrations at CRAES site in Beijing from 05 December 2015 to 04 January 2016. 749	
 750	
 751	
 752	
 753	
  754	
	 34	
 755	
 756	
Fig. S6. (a) Scatter plot of the MODIS retrieved and simulated daily AOD at 550nm, (b) 757	
Taylor diagram (52) to present the variance, bias and correlation of the retrieved and 758	
simulated daily AOD averaged in the NCP from 05 December 2015 to 04 January 2016. 759	
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 765	
 766	
Fig. S7. Spatial distribution of (a) retrieved and (b) simulated AOD at 550nm averaged from 767	
05 December 2015 to 04 January 2016 in the NCP. 768	
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 774	
 775	
Fig. S8. Comparison of measured (black dots) and predicted (red line) diurnal profiles of 776	
SSA at 520nm in Beijing from 05 December 2015 to 04 January 2016. 777	
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 783	
 784	
Fig. S9. Scatter plot of the MODIS retrieved and simulated daily (a) cloud fraction and (b) 785	
cloud optical thickness averaged in the NCP from 05 December 2015 to 31 December 2015. 786	
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 792	
 793	
Fig. S10. Comparison of measured (black dots) and predicted (red line) diurnal profiles of the 794	
SWDOWN reaching the ground surface in (a) Beijing, (b) Jiaozhouwan, (c) Luancheng, and 795	
(d) Yucheng from 05 December 2015 to 04 January 2016. 796	
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 802	
 803	
Fig. S11. Comparison of predicted diurnal profile (red line) of PBLH from 05 December 804	
2015 to 04 January 2016 with observations at 12:00 BJT in Beijing. 805	
 806	
 807	
 808	
 809	
  810	
	 40	
 811	
 812	
Fig. S12. Comparison of measured (black dots) and predicted diurnal profiles of the 813	
ultraviolet radiation in F_BASE (red line) and F_TOT0 (blue line) in (a) Luancheng, (b) 814	
Yucheng, (c) Jiaozhouwan, and (d) Fengqiu from 05 December 2015 to 04 January 2016. 815	
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 821	
 822	
Fig. S13. Average percentage decrease of daytime UVDOWN caused by API as a function of 823	
near-surface [PM2.5] in the NCP from 05 December 2015 to 04 January 2016. 824	
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 830	
 831	
Fig. S14. Average percentage decrease of daytime near-surface O3 concentration caused by 832	
API as a function of near-surface [PM2.5] in the NCP from 05 December 2015 to 04 January 833	
2016. 834	
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 840	
 841	
Fig. S15. Scatter plot of (a) the observed UVDOWN and near-surface PM2.5 concentrations 842	
and (b) near-surface O3 and PM2.5 concentrations in Beijing, Fengqiu, Luancheng, Yucheng, 843	
and Jiaozhouwan during noontime (11:00-13:00 BJT) under cloudless days selected from 05 844	
December 2015 to 04 January 2016. The black line indicates the fitted trend line. 845	
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 851	
 852	
Fig. S16. Daily variations of average daytime AOD and near-surface SSA at 550nm (red line) 853	
and 380nm (blue line) layer in the NCP from 05 December 2015 to 04 January 2016. 854	
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 860	
 861	
Fig. S17. Vertical profiles of average (a) BC, (b) POA, (c) SOA, (d) sulfate, (e) nitrate, and (f) 862	
ammonium in the NCP from 05 December 2015 to 04 January 2016. 863	
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 869	
 870	
Fig. S18. Vertical profile of average noontime NO2 and O3 to O1D photolysis rate in the NCP 871	
from 05 December 2015 to 04 January 2016. 872	
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 878	
 879	
Fig. S19. Vertical profiles of average daytime SSA at 550nm (red line) and 380 nm (blue line) 880	
in the NCP from 05 December 2015 to 04 January 2016. 881	
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 887	
 888	
Fig. S20. Vertical profiles of average temperature perturbation caused by API in the NCP 889	
from 05 December 2015 to 04 January 2016. 890	
 891	
 892	
 893	
 894	
  895	
	 49	
 896	
 897	
Fig. S21. Daily profiles of variation of average daytime COT and CF caused by ARI (red line) 898	
and API (blue line) in the NCP from 05 December 2015 to 04 January 2016. 899	
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 905	
 906	
Fig. S22. Average percentage contribution of near-surface [PM2.5] caused by API (blue line) 907	
and error shadow as a function of near-surface [PM2.5] in the NCP from 05 December 2015 to 908	
04 January 2016. 909	
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 915	
 916	
Fig. S23. Average percentage contribution of near-surface [PM2.5] caused by ARI (red line) 917	
and error shadow as a function of the near-surface [PM2.5] in the NCP from 05 December 918	
2015 to 04 January 2016. 919	
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 925	
 926	
Fig. S24. Average percentage contribution of near-surface [PM2.5] caused by both API and 927	
ARI (green line) and error shadow as a function of near-surface [PM2.5] in the NCP from 05 928	
December 2015 to 04 January 2016. 929	
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